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Abstract

In this paper, a mechanistic-based data-driven approach, MAP123-EP, is proposed for numerical analysis of elastoplastic
materials. In this method, stress-update is driven by a set of one-dimensional stress—strain data generated by numerical or
physical experiments under uniaxial loading. Numerical results indicate that combined with the classical strain-driven scheme,
the proposed method can predict the mechanical response of isotropic elastoplastic materials (characterized by J2 plasticity
model with isotropic/kinematic hardening and associated Drucker—Prager model) accurately without resorting to the typical
ingredients of classical model-based plasticity, such as decomposing the total strain into elastic and plastic parts, as well as
identifying explicit functional expressions of yielding surface and hardening curve. This mechanistic-based data-driven approach
has the potential of opening up a new avenue for numerical analysis of problems where complex material behaviors cannot be
described in explicit function/functional forms. The applicability and limitation of the proposed approach are also discussed.
© 2020 Elsevier B.V. Allrights reserved.
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1. Introduction

Most engineering materials, from metal alloys to rocks, are often modeled as elastoplastic material and may
experience plastic deformation if the magnitude of the external load they sustain exceeds some critical values. For
solving boundary-value problems with elastoplastic materials under conventional paradigm, explicit elastoplastic
constitutive laws must be provided to close the problem formulation. Since 1950s, many prominent mechanicians
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such as Hill, Drucker and Prager, developed numerous brilliant plasticity theories [1—4], which help make great
successes in understanding the elastoplastic behavior of various types of materials.

With the development of plasticity theory, systematic computational algorithms are proposed to solve the
boundary value problem involving elastoplastic materials. Successful implementations of the computational plastic-
ity algorithms are summarized in [5,6], and the references cited therein. These numerical analysis methods are
computationally efficient and have been implemented into many commercial softwares. However, conventional
numerical analysis on elastoplastic materials is carried out in a model-based paradigm. That is, phenomenological
constitutive relationships described in explicit function/functional forms must be employed to describe the physical
mechanisms involved in the theory of plasticity, such as yielding function, flow rules, loading/unloading and
consistency conditions. This treatment, however, often accompanies the some extent of empiricism and arbitrariness
as pointed out in [7].

Apart from conventional model-based approach for computational plasticity, recent years witnessed an in-
creasing attention on developing the data-driven approach for numerical elastoplastic analysis. That is, exper-
imentally/numerically available data is used to solve the corresponding boundary-value problems directly. Liu
et al. [8—11] proposed a self-consistent clustering analysis (SCA) method which can be used for modeling of
elastoplastic materials. This is a reduced order method capable of decreasing the computational cost significantly
through a clustering technique in offline database of elastic response of the materials. Inspired by their works, a
FEM-cluster based analysis method (FCA) is also developed in which the cluster-interaction tensors are constructed
through finite element analysis avoiding the use of Green’s function, further improving the efficiency [12,13].
Recently, Wang et al. [14] proposed a multi-agent meta-modeling approach to generate data, knowledge, and models
to make predictions on constitutive responses of elastoplastic materials. In particular, Ortiz and his co-workers
proposed a pure model-free data-driven approach in order to bypass the explicit constructions of the constitutive laws
from experimental data. It has been demonstrated that this model-free approach is both computationally convenient
and numerically robust for nonlinear elastic analysis at small deformation regime [7,15—17]. Also, this model-free
approach has also been extended for elastoplastic analysis recently [18]. However, the pure model-free approach
may increase the computational cost especially for three-dimensional problems, and is also not compatible with the
current strain-driven finite element solver.

Based on the above discussions, it seems natural to develop a data-driven approach, which can fully exploit the
deep physical insights obtained from well established plasticity theory and experimental evidence (i.e., mechanistic-
based), while at the same time, circumvent the subtle issues of establishing explicit function/functional expressions
characterizing material behaviors necessary in classical plasticity theory. If this is the case, one can take both
advantages from model-based paradigm and data-driven tools simultaneously. Another issue deserves to be pointed
out is that it is usually not an easy task to obtain enough experiment data to characterize constitutive relationships.
Even when they are available, many of them are obtained from one dimensional (1D) test. However, in order to
solve a 3D problem, we need to construct data sets characterizing the 3D stress/strain state from the available 1D
data. To this end, a data-driven approach, coined as MAP123, was proposed for constructing 3D data from 1D data
directly for numerical analysis of isotropic nonlinear elastic materials [19,20]. This data-driven technique assumes
the coaxial relationship of deviatoric stress and strain, and is capable of describing the nonlinear elastic behavior
of materials reasonably well. However, this MAP123 data-driven approach is only applicable for nonlinear elastic
analysis and cannot be used to predict elastoplastic responses.

Based on the above consideration, a so-called MAP123-EP approach is proposed to solve boundary-value
problems involving isotropic elastoplastic materials. The unique feature of this approach is that although the essential
concepts in classical plasticity theory such as material yielding and hardening are preserved, the decomposition of
the total strain into elastic and plastic parts, the construction of explicit yielding surface and hardening functions,
which are indispensable subtle issues in conventional elastoplastic theories, are totally circumvented. This is
achieved by searching two sets of 1D data sets characterizing effective/mean stress—strain relations, which can be
generated through either physical or numerical experiments (implemented using the classical strain-driven numerical
solution scheme). In this sense, the proposed MAP123-EP can be classified as a type of mechanistic-based data-
driven approach, which can not only exploit the deep physical insights inherited from model-based plasticity theory,
but also take the advantages provided by data-driven modeling techniques.

The rest of the paper is organized as follows. In Section 2, the framework of the proposed mechanistic-based
data-driven computational plasticity approach is established. The data generation procedure is described and the
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Fig. 1. The specimen used to generate the 1D experiment data under uniaxial tensile loading. The undeformed and deformed configurations
of the specimen are plotted in yellow and red colors, respectively. All values of &, o, &y, and &, can be measured through the designed
experiment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

theoretical aspects of the approach are also discussed. The numerical implementation details are then presented in
Section 3. Section 4 shows the results of several problems solved using the proposed approach and discusses its
accuracy. Concluding remarks are presented in Section 5, where the pros and cons of the proposed MAP123-EP
approach are also discussed.

2. The framework of the MAP123-EP approach

This section is centered around a discussion on the fundamental aspects of the MAP123-EP approach. Actually,
obtaining 1D data is the basis of MAP123-EP. This 1D data can be generated either by physical experiment or
numerical simulation using model-based plasticity theory. The key ingredient of the proposed MAP123-EP approach
is to employ this 1D data for numerical elastoplastic analysis. Hence, the generation of appropriate data is of cardinal
importance for the successful application of the MAP123-EP approach. In the following, we shall discuss how to
generate required data for data-driven numerical analysis.

2.1. Data generation and preprocessing

To demonstrate the capability of the proposed MAP123-EP approach, an Al-Cu alloy is employed to generate
the 1D data experimentally. We refer the readers to Gao et al. [21,22,23] for details on the fabrication process of
this alloy. The standard dog-bone specimen for tensile experiments is fabricated as shownin Fig. 1a. Digital Image
Correlation (DIC) facility is employed to record the displacement of the specimen during the tensile experiments.

The 1D data sets of equivalent strain vs. equivalent stress (&,, 0.) and mean strain vs. mean stress (&,,, 0,,) can be
generated in the following manner within small deformation regime. During the experiments, the strain is recorded
as the total strain since it is not necessary to distinguish its elastic and plastic parts in the proposed approach. For
the specimen under uniaxial tension, only the region at its center is taken out for analysis, as shown in Fig. 1. The
region can be assumed as a 1 x 1 x 1 cube without loosing generality. Under uniaxial tension, the strains can
be computed from the measured displacements as &, = u;, &2 = up, and €3 = usz. Because of the symmetry, the
computed strains in y and z directions are equal (¢, = ¢3). During the tensile experiment, the reaction force F' can
also be recorded by the testing machine. With the known cross sectional area A of the specimen, the Cauchy stress
can be computed as o7 = F/A, 0, = 03 = 0. Therefore, the mean stress is 0,, = 0/3. The value of o, at evenly
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Table 1
Parameters chosen for the generation of 1D numerical uniaxial tension/compression non-dimensional data set
using J2 plasticity model with isotropic hardening.

Parameter (non-dimensional) Data set M4 (inclusions) Data set Mp (matrix)

Elastic modulus, E 5000 1000

Poisson’s ratio, v 0.3 0.3

Yield stress, oy 2 1

Hardening coefficients, K7 10 3
loading step can be stored in a one-dimensional array: o', n = 1, ..., N, where N, denotes the total number
of loading steps. Similarly, the strain components ¢, &5, and &3 can be stored as €7, €5, and &5, n =1, ..., N;.
From these values, the equivalent strain and stress can be computed and stored as € and o), n = 1, ..., Nj,
respectively. Likewise, ¢, and o,, can be computed and stored as ¢/, and o,;, n =1, ..., Nj, respectively. With

the procedure described above, two sets of data shown in Fig. 2a are generated. These two sets of data will be used
to carry out data-driven simulations on a voided specimen made from the aforementioned alloy. The details of the
simulations will be reported in Section 4.

The Young’s modulus and Poisson’s ratio of the alloy can be obtained through the fitting of the experimental
data at initial deformation regime by assuming isotropic elasticity. For the Al-Cu alloy considered in this work, the
Young’s modulus and Poisson’s ratio are calculated to be 63061 MPa and 0.32, respectively.

The data generation process can also be performed through numerical simulations. A material model is required to
characterize the material behavior where constitutive relationships are described by explicit functions. In this work,
J2 plasticity model is employed as a demonstration. The details of the numerical implementation of J2 plasticity
model are given in Appendix B. Besides J2 plasticity model, other plasticity models such as Drucker—Prager model
can also be used. Two sets of data (¢, 0,.) (called M,) and (¢, 0,,) (called Mp) are generated from numerical
simulations, as shown in Fig. 3a and b, respectively, from uniaxial experiments. The parameters chosen for the
generation of data sets M4 and Mp using J2 plasticity model are given in Table 1. The exact definitions of these
parameters are mentioned in Appendix B.

2.2. Theoretical aspects

This section provides a succinct description of the theoretical aspects of the proposed MAP123-EP approach. For
detailed derivations, the readers are referred to Appendix A. The proposed MAP123-EP approach uses measured
or computed 1D data to update the stress for each incremental step.

The proposed MAPI123-EP approach is illustrated as follows. It is assumed that ¢" and strains e" at the
incremental step n are known. This implies that ¢/, ¢ and o', o, are also known before the next stress update at
step n + 1 (see, Fig. 2).

Under the displacement-driven framework, the strain increments Ae are given by the gradient over the increment
of displacements Au from step n to n + 1:

Ae = sym(V(Au)). (1)
The strain e at step n + 1 is given by
el =" + As. (2)

The superscript n + 1 of &"*!

are defined as
2
g, = 36" s e, 3)

1
Em = gtrace(e), €]

is dropped for simplification from now on. The equivalent strain and the mean strain

and
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Fig. 2. (a) Two 1D data sets (g, o.) and (&,, 0,,) generated by physical experiments of uniaxial tension, which are employed to solve
boundary-value problems without any assumed elastoplastic material laws in prior for the problem shown in Fig. 4. (b) The coaxial
relationship between the elastic trial stress and strain are shown in principal stress/strain space. This figure also illustrates how to perform
stress-update with the use of the generated data in finite element analysis.
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Fig. 3. Two sets of 1D data (s, o,) and (¢, 0,,) generated by numerical experiments of uniaxial tension with J2 plasticity model, called

M, and Mp. These data sets are employed to solve boundary-value problems without any assumed explicit elastoplastic material laws in
prior.
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where &’ is the deviatoric part of e. The elastic trial strain is introduced as

e’ =e" + Ae, 5)
where e” is the elastic strain at the incremental step n, which can be computed from ¢” as

el = (Ce)_l co, (6)

where C¢ is the fourth order elasticity tensor of isotropic material.
The spectral decomposition of the elastic trial strain is given by

3
e" =) /N, ®N,, (7)
1=1

where e} and N, I =1, 2, 3, are the eigenvalues and the corresponding eigenvectors of e", respectively. Mapping
the data from 1D to 3D harnesses the coaxial relationship between the deviatoric elastic trial strain and deviatoric
Cauchy stress (see Appendix C for a proof). A visualization of this relationship is provided in Fig. 2b. In addition,
o, can be found (marked as o/"*! in Fig. 2) by searching the experimental data set (¢!, o!), 1 =1, ..., N;. Then,
the parameter y is obtained as

20, ®)

=3 gtr’
where ¢! is the effective elastic trial strain. The physical meaning of y can be seen in Fig. 2b. Similarly, the mean
stress o, at each Gauss point can be found from 0;1, I =1, ..., Ny, by matching the computed ¢,, in the data
of sfn, I =1, ..., N,, marked on the right part of Fig. 2a. Finally, due to the coaxial relationship between the

Cauchy stress and elastic trial strain, the Cauchy stress on the loading path can be computed as:
3

0, = Zyetlf’ (N]), (), + owdi )

I=1
where e}, I = 1,2,3, are the eigenvalues of deviatoric part of e, and the symbol (N})i represents the ith

component of N.

In the present work, two independent conditions on equivalent and mean stresses, respectively, are used to identify
the loading/unloading state. In fact, these two conditions should be correlated. However, taking them as independent
ones is a practical way to achieve data-driven simulations using 1D experimental data efficiently. Numerical results
shown in Section 4 indicate that this treatment can reproduce experimental results within a reasonable accuracy.

The plastic softening can also be considered in the proposed framework if the one-dimensional data can
characterize the corresponding deformations. Under this circumstance, new experimental techniques should be
developed for data generation. Further works are needed along this direction.

Remarks. 1. The stress update in MAP123-EP is different from that in classical computational plasticity. There
is no explicit decomposition of the total strain into its elastic and plastic parts in the present data-driven approach.
Furthermore, the flow rule, hardening law, and the yielding surface with explicit mathematical forms are totally
avoided.

II. This section only sheds some light on how to update stress under the elastic or plastic loading cases. The
unloading cases will be discussed in detail in the subsequent numerical implementation section.

III. Under uniaxial tension or compression along the x direction, it is evident that o1; 7% 0 and 02, = 033 = 0.
Therefore, 0,, = o1;/3. However, it also holds that &1, # &, &1 # €33 and £ = €33 # 0. Hence, the experiments
should also measure the strains in the y and z directions too. Only measuring €;; is not enough to compute the
effective and the mean strains.

IV. It should be noted that the proposed approach cannot be applied to anisotropic elastoplastic materials,
as proved in Appendix C. More efforts are needed to deal with anisotropic elastoplastic materials through the
data-driven approach.

V. The proposed MAP123-EP tries not to be a totally model-free approach. It still uses the insights from the
model-based plasticity theory. Firstly, since plastic deformation is history and loading-path dependent, MAP123-EP
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Fig. 4. (a) A specimen with a single hole at its center under tensile loading. The dimension of the specimen is described in Fig. 4a. A
prescribe displacement U is imposed on its left side and the reaction force F on its right side is calculated. This problem is solved by
the data-set generated by the uniaxial tension experiment of a standard homogeneous Aluminum alloy specimen, shown in Fig. 2. (b) The
reaction force vs. the imposed displacement obtained by the proposed MAP123-EP method and physical experiments, respectively.

updates stress in a step-wise fashion. Secondly, although the yielding function is not involved in the MAP123-EP,
it is implicitly assumed that the yield function depends on the mean as well as equivalent stresses, and the plastic
flow is (yielding surface) associated. Thirdly, the judgment on the loading/unloading paths also resorts to trial
stress concept in classical computational plasticity. In this sense, the proposed data-driven approach is coined as
“mechanistic-based”.

3. Numerical implementation

The numerical implementation of MAP123-EP is carried out within the displacement-driven finite element
framework. At the outset, in order to perform stress-update and compute the internal force vector, a C° displacement
interpolation is adopted. The interpolation is constructed based on the displacement u” at node through the shape
function N4. With the available information from step n, the stress-update algorithm is described in Box 1. Unless
otherwise stated, the superscript n + 1 is dropped for the quantity at the step n + 1. From the description of the
algorithm, one can see that unlike in classical computational plasticity implementation, the MAP123-EP approach
does not use the return-mapping algorithm for stress update. The stress at step n + 1 is obtained by searching
the data set directly (see Fig. 2). A trial stress is introduced to identify whether the material point is in loading
or unloading condition by comparing the value of /"*! (o) and o/"*! (o). This is necessary since MAP123-EP
does not use an analytical expression of yield surface. After stress update, the residual force vector and the tangent
stiffness matrix can be calculated accordingly [6]. Note that the 1D stress—strain data is generated in a discrete
form. This makes it difficult to obtain the analytical derivatives necessary for the construction of tangent stiffness
matrix. However, the tangent stiffness matrix can be computed numerically. Actually, after the stress is updated,
the corresponding stiffness matrix can be constructed by taking the numerical derivatives of the stress with respect
to strain approximately with the use of finite difference operations.

4. Numerical results and discussion

In this section, we will demonstrate the effectiveness of the proposed MAP123-EP approach by solving several
problems involving elastoplastic behaviors. Experimentally generated 1D uniaxial tensile data is used in the first
problem, while numerically generated 1D data are used for the solution of the remaining three problems.

4.1. Results obtained using the experimentally generated data

In order to verify the efficacy of the MAP123-EP approach, we have performed physical experiments and
numerical simulations using MAP123-EP, respectively, on a voided Aluminum alloy specimen shown in Fig. 4a.
To apply MAPI123-EP, the data shown in Fig. 2a generated by the uniaxial tension test is used as the source 1D
data. Dimensional details of the voided specimen (made of the same type of Aluminum alloy) are also described
in Fig. 4a. The uniaxial tensile experiment is carried out by a universal testing machine and a DIC testing facility
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. Data collection: {¢", "} and two one-dimensional data sets ([&.], [0.]) and ([&,,], [o])-
. Compute the total strain ¢ and strain increment Ae at every Gauss point X,:

| aNA|
&ii = ut,
t X;,7 8x1 ¥ 1

' 4

N4
Aey|, = Aul.
i Xg 8.X' i
Jlxg

. Compute the elastic strain e” at step n:

emxg = (Ce)i;llcl al?l|xg :

. Compute the elastic trial strain e":

tr

eij|Xg = e?j|Xg —+ AE,’j‘Xg .

. Compute the eigenvalues and eigenvectors of e"|y .

o o [err=123
Xg N;, 1=1,2,3,

where e‘,r and Ny, I =1, 2, 3, are the eigenvalues and eigenvectors of e", respectively.

. Compute the effective trial strain &7 :

1

tr __ tr tr tr

e, = 3 (el + e, +e3),

elr/ __ it and 8tr _ %elr/elr/
I =€ — €y e T\ 34

. Compute the effective total strain ¢, and the mean strain ¢,,:

1
&y = 5(811 +&n +é€33),

1= e — ey and £ = 1| 26! ¢!
&ij = &ij — &m and £ = [ &8,

. Search one-dimensional data (¢,, o,) to obtain y:

_20'e

y == —

tr
3 &l

Xg

. Search one-dimensional data (¢,,, 0,,) to obtain o,,.
. Compute the deviatoric and hydrostatic parts of stress o” on the plastic loading path:

3

=Y yel (ND; (N));

I=1

(O’iljf ) dev

L _
am|xg = 0y,.

Xg

dev
where <0L> and oL represent the deviatoric and hydrostatic parts of the stress on the elastic/plastic

ij
loading path, respectively.

Box 1. Algorithm for stress update in MAP123-EP.
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11. Compute the trial stress:

ol = ol

e
ij 1]|Xg+Cijkl AEkl'Xg'

12. Compute the effective and hydrostatic trial stress:

1
tr tr tr tr
oy == (01} + 035+ 033) .

3

(Gitjr')dev —o T gt

ij m?
3 dev dev
r __ tr tr
ot =2 ()" (o)
13. Loading—unloading condition:

IF 6 >0~ THEN

e

dev
odev — <0L) (Loading)

ij ij

ELSE
dev __ tr dev :
o = |0 (Unloading)

ij ij
END IF
IF abs ((0)") = abs (0,5) THEN
on =0k (Loading)
ELSE

op =0l (Unloading)

3 dev dev
L __ L L
=3 ) (o)

14. Update stress according to the loading—unloading condition:

___dev
Gij = O'ij + O’mSij.

Box 1. (continued).

is used to record the deformation of the specimen at each loading step around the void area. The displacement and
the corresponding reaction force are plotted in Fig. 4b.

Numerical simulations of the same problem are then performed by the proposed MAP123-EP approach.
Considering the symmetry, only one-eighth of the specimen is used to build FE model and three dimension
eight-node elements are employed for finite element analysis. Fig. 4b plots the reaction force vs. displacement
relation obtained from the data-driven simulation and experiment, respectively. It indicates that the results obtained
by MAPI123-EP agree well with the experimental results at small deformation regime. However, under large
deformation, the prediction by MAP123-EP deviates from the experimental evidence. This result is expected because
the proposed MAP123-EP approach is actually developed under the assumption of small deformation.

To further verify the performance of MAP123-EP, the deformed configuration of the specimen predicted by
MAP123-EP is also compared with the experimental evidence at several values of imposed displacement (see
Fig. 5a). The shapes of the void predicted by the MAP123-EP match well with the experiment evidences.
Furthermore, the results provided in Fig. 5b also indicate that the predicted values of u’, and u} also agree well with
the experiment results. These results confirm the effectiveness and accuracy of the proposed MAP123-EP approach
at small deformation regime.
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Fig. 5. (a) Deformed configurations of the specimen at different levels of imposed displacement (i.e., U = 0, 0.5, and 1.0 mm respectively),
obtained by the proposed MAP123-EP approach and experiments, respectively. (b) A comparison of the values of the displacements at point
A (y direction) and point B (x direction) obtained by MAP123-EP and experimental measurement, respectively.

4.2. Results obtained using numerically generated data

To further illustrate the effectiveness of the MAP123-EP approach, numerically generated 1D data are also
employed to solve some example problems, and the results are verified by the numerical solutions obtained from the
implementation of classical J2 plasticity model. In these examples, the numerically generated uniaxial tensile test
data set shown in Fig. 3 is used for the MAP123-EP based simulation. Two problems are solved by MAP123-EP: a
square plate with circular inclusions and a square plate with circular holes. For the first problem shown in Fig. 6a,
a square plate (1 x 1 x 0.1) with circular inclusions (radius 0.05) is investigated. The left and bottom surfaces of
the plate are fixed and prescribed displacement is applied on its right surface. The imposed displacement increases
linearly from O to 0.01 and then decreases to zero. The material data associated with the matrix and inclusion
materials are represented by the data sets M, and Mp, respectively. We also solved the same problem using the
classical return mapping algorithm with both the matrix and the inclusion materials are described by J2 plasticity
model. The parameters of the J2 plasticity models are taken from the data sets M4 and Mp, respectively. The values
of these parameters are summarized in Table 1.

Fig. 6b plots the average stress vs. the average strain for the considered problem obtained by both MAP123-EP
and J2 plasticity model based numerical simulations. The average stress (Fg/A) is defined as the reaction force
over the cross sectional area of right surface where the prescribed displacement is applied. The average strain is
defined as the displacement over the original length of the square plate (U/L). It can be seen clearly that the average
stress—strain response predicted by MAP123-EP is almost the same as that predicted using the classical J2 plasticity
model.

Fig. 7 plots the contours of the effective stress o, under three levels of strain U/L = 7.8 x 107, 1 x 1072 and
9 x 1073, corresponding to points / and 7/ and 11 on the stress—strain curves shown in Fig. 6b for both models.
At states I, 11, and 11, the structure is under elastic loading, plastic loading and elastic unloading, respectively,
in terms of conventional plasticity theory. It can be observed from Fig. 7 that the stress distributions are almost the
same between MAP123-EP and the classical J2 model.
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Fig. 6. A square plate with distributed circular inclusions. (a) A schematic illustration of the considered problem. (b) The average stress—strain
curves predicted by the reference J2 plasticity model and the proposed MAP123-EP approach, respectively.
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Fig. 7. Contour plots of the effective Cauchy stress predicted by MAP123-EP and the reference J2 plasticity model at three levels of
imposed strain U/L = 7.8 x 1074, 1 x 1072, and 9 x 1073, respectively. The corresponding strain—stress states are also marked as I, II, III,
respectively, in Fig. 6a.
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Fig. 8. Average stress—strain curves obtained by the reference J2 plasticity model and the proposed MAP123-EP considering large strain for
the problem shown in Fig. 6a.
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J2 plasticity model
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Fig. 9. Contour plots of the effective stress field predicted by MAP123-EP and the reference J2 plasticity model at three levels of imposed
strain U/L =2 x 1072, 3 x 1072 and 5 x 1072, respectively. The corresponding strain—stress states are also marked as I, II, III, respectively,
in Fig. 8.

J2 plasticity model

U/L
I 0.05
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0.03

MAP123-EP ; 0.09
0.01
0.00
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Fig. 10. Contour plots of the displacement fields predicted by MAP123-EP method and the reference J2 plasticity model under three levels
of imposed strain U/L = 1x 1072, 2 x 1072 and 5 x 1072, respectively. The corresponding strain—stress states are also marked as I, II, III,
respectively, in Fig. 8.

Now we investigate the same problem shown in Fig. 6a with a larger magnitude of applied strain (i.e., ¢ = 0.06).
The predicted stress—strain curves are shown in Fig. 8. The differences in the average stress between the results
obtained by MAP123-EP and J2 plasticity model are within 5% even at large strain. It should be noted here that
the data of the effective (mean) stress vs. effective (mean) strain are used to perform the stress update, which
is not the same as that in the model-based J2 plasticity model where the explicit relationship between the flow
stress and effective plastic strain is required. This may cause the difference observed in Fig. 8 at relatively large
deformation. Three different strain levels (marked as I, II, and III) are picked from the average stress—strain plot
and the corresponding displacement contours are shown for both models in Fig. 10. It can be observed that the
displacement contours for both models are quite similar. However, the predicted stress contours at the considered
strain levels (i.e., U/L = 0.02, 0.03 and 0.05, respectively) show somewhat differences (see Fig. 9). Noted that the
present method is developed under the small deformation assumption.

We now consider a square plate (1 x 1 x 0.1) with circular holes of radius 0.05 to test the performance of
MAPI123-EP. The geometric setup and boundary conditions are shown in Fig. 11a. The displacement U is applied
on the right surface and the maximum displacement is 0.01. After that, the unloading starts and the prescribed
displacement decreases to zero gradually. For this problem, the left surface of the square plate is fixed in both x
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Fig. 11. A square plate with distributed circular holes. (a) A schematic illustration of the considered problem. (b) The average stress—strain
curves obtained by the reference J2 plasticity model and the proposed MAP123-EP approach.
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Fig. 12. Contour plots of the effective stress field predicted by MAP123-EP method and the reference J2 plasticity model at three levels of
imposed strain U/L =7 x 10™%, 1 x 1072 and 9 x 1073, respectively. The corresponding strain—stress states are also marked as I, II, III,
respectively, in Fig. 11b.

and y directions. The front and back surfaces are fixed in the z direction. For solving this problem, both reference
J2 plasticity model and the proposed MAP123-EP approach are used. For the implementation of MAP123-EP, the
1D data set of Mp (see Fig. 3) is used. Fig. 11b shows the average stress vs. strain results predicted by MAP123-EP.

Fig. 12 presents the contour of the effective stress predicted by the reference J2 plasticity model and the proposed
MAP123-EP approach under three different strain levels (i.e., U/L = 7x 107, 1 x 1072, and 9 x 1073, respectively,
corresponding to the points I, /1, and 111 on the stress—strain curves shown in Fig. 11b). It can be seen that the
stress contours are quite similar predicted by both the reference J2 plasticity model and the proposed MAP123-EP
approach.

Previous examples only compare the MAP123-EP approach with the classical J2 plasticity model under two-
dimensional conditions. We finally test MAP123-EP with a more complicated 3D problem, where the involved
material behavior can be described by the associated Drucker—Prager model. The same way is adopted to generate
the stress—strain data as in the previous examples. The values of the parameters for the considered Drucker—Prager
material model are given in Table 2. The generated 1D data by numerical simulation is shown in Fig. 13. We then
build a FE model for a cubic specimen with a spherical hole (radius 0.05) locating at its center, shown in Fig. 14a.
The x, y, z degrees of freedom of the left surfaces are fixed. The displacement U is imposed on the right surface.
The remaining surfaces are set to be traction free. Both the reference associated Drucker—Prager model and the
proposed MAP123-EP approach are employed for numerical simulations. Fig. 14b shows the stress vs. engineering
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Table 2
Parameters chosen for the generation of 1D numerical uniaxial tension/compression non-
dimensional data set using the associated Drucker—Prager plasticity model with isotropic

hardening.

Parameter (non-dimensional) Data set (only for matrix material)
Elastic modulus, E 1000

Poisson’s ratio, v 0.3

Yield stress, oy 1

Hardening coefficients, K” 20

Pressure sensitivity coefficients, 8, ¥ 0.2

6.0 L L I B E -y 2.0 T T T T T T

o0°
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4.0 F 000000 ] | '// - \‘
(o)
S oo® e Lo g
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20 | oF : (
ooo° 0.5F . .
p 1 - !F /I 4
0.0 R N T S S 0.0 a” P S T R S x1073
0.0 0.05 0.10 0.15 0.20 0.25 00 02 04 06 08 10
e Em

Fig. 13. (a) Generated 1D data sets (g, o.) and (g, 0,) by numerical simulations of uniaxial tension with associated Drucker—Prager
model, which are employed to solve the 3D problem shown in Fig. 14.

Tl
11
I i
. B
O Drucker-Prager 1
plasticity model b
— MAP123-EP 1 )
) ) ) ) 111, x10~
0.3 0.6 0.9 1.2

U/L

Fig. 14. A cube with a spherical hole. (a) A schematic illustration of the considered problem. (b) The average stress—strain curves obtained
by the reference associated Drucker—Prager plasticity model and the proposed MAP123-EP approach. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

strain curves for both cases. The average stress is defined as Fg/A, where Fy is the reaction force along x direction
on the right surface of the specimen, and A is the cross sectional area of the right surface before deformation. The
engineering strain is defined as U/L. An excellent agreement between results obtained by the two approaches is
clearly observed at small deformation regime. Fig. 15 plots the effective stress contour on the section of green
surface (see Fig. 14) at different strain levels (i.e., 7.0 x 107*, 1.0 x 1072, 8.9 x 1073, respectively, marked as I, I
and III in Fig. 14b). It indicates that the stress distribution predicted by MAP123-EP is almost the same as that of
the reference Drucker—Prager model.

To examine how the data set can affect the simulation results, we run the simulations with 200, 500 and 1000 data
points by the proposed MAP123-EP approach. The same way is used to generate these data as in other examples.
The corresponding computational times are 632, 686 and 709 s of wall-clock time, respectively. The simulation
based on reference Drucker—Prager model takes 165 s of wall-clock time. The computational time associated with
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U/L=1.0x1072
Fig. 15. Contour plots of the effective stress field (section marked by green in Fig. 14) predicted by MAP123-EP and the reference associated

Drucker—Prager plasticity model at three levels of imposed strain U/L =7 x 1074, 1 x 1072 and 9 x 1073, respectively. The corresponding
strain—stress states are also marked as I, II, III, respectively, in Fig. 14.
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Fig. 16. Two generated sets of 1D data (e, o.) (called M4) and (g,, o) (called Mp) by numerical simulations where the J2 plasticity
model with nonlinear kinematic hardening is adopted. These two data sets are employed to solve the problems shown in Fig. 6a.

MAPI123-EP is longer than that of the reference model because the calculation of the tangent stiffness matrix takes
more time if only discrete data points are used for computation. The obtained results with different data points are
almost the same, which are not shown here to save space.

Besides isotropic hardening case shown above, we also solve the same problem with nonlinear kinematic
hardening. The same way illustrated in Section 2.1 is employed to generate the data sets for inclusion and matrix
materials, called M4 and Mg, respectively. The data-sets are shown in Fig. 16. The material parameters used for
generating the 1D data sets (M4, and Mp) corresponding to the kinematic hardening law are given in Table 3. The
same problem shown in Fig. 6a is studied with these newly generated data sets. Fig. 17 plots the average stress vs.
the average strain for both cases. It can be seen clearly that the stress—strain response predicted by MAP123-EP is
almost the same as that predicted by the classical J2 plasticity model with nonlinear kinematic hardening law.
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Fig. 17. The average stress—strain curves for the square plate with inclusions predicted by the reference J2 plasticity model with kinematic
hardening and the proposed MAP123-EP approach.
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Fig. 18. Contour plots of the effective stress field predicted by MAP123-EP and the reference J2 plasticity model with kinematic hardening
at three levels of imposed strain U/L = 8.3 x 107, 1 x 1072 and 9.0 x 1073, respectively. The corresponding strain—stress states are also
marked as I, II, III, respectively, in Fig. 17.

Table 3
Parameters used for the generation of the 1D numerical data set characterizing J2 plasticity model with kinematic
hardening.
Parameter (non-dimensional) Data set M4 (inclusions) Data set Mp (matrix)
Elastic modulus, E 5000 1000
Poisson’s ratio, v 0.3 0.3
Yielding stress, oy 2 1
Hardening coefficient, y; 80 80
Hardening coefficient, C 80 80

Fig. 18 plots the contour of the effective stress o, at three levels of strain (i.e., U/L = 8.3 x 1074, 1 x 1072
and 9 x 1073 respectively, corresponding to the points I, I7 and 111 on the stress—strain curves shown in Fig. 17).
It should be noted here that although the nonlinear kinematic hardening behavior can be captured by MAP123-EP,
however, MAP123-EP cannot be used to consider cyclic/reverse loading in its present form.

5. Conclusions

In this paper, a mechanistic-based data-driven MAP123-EP approach is proposed for numerical elastoplastic
analysis. Compared with traditional model-based paradigm, the proposed data-driven computational framework
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offers an opportunity to predict the mechanical responses of isotropic elastoplastic materials without knowing
the explicit functional forms of the constitutive descriptions characterizing the material behaviors. Only two
sets of data generated (either numerically or experimentally) under uniaxial loading are required for numerical
implementation. It is found that this approach predicts the elastoplastic behavior reasonably well when compared
with the experimental results and the results obtained through conventional model-based paradigm. Furthermore,
the MAP123-EP approach is also consistent with the classical strain-driven approach for computational plasticity.
In addition, compared with pure model-free approach, it is easier to be implemented in conventional finite element
analysis softwares.

In the present work, the effectiveness of the proposed approach is only validated through numerical experiments.
Rigorous analyses on the well-posedness of the corresponding boundary value problem formulation, the stability and
convergence properties of the proposed data-driven numerical solution scheme still lacks. The framework and tools
developed in [7,15—18] for data-driven based solution of elastic problems may be very helpful for the theoretical
analysis of the proposed approach. It is also worth noting that the MAP123-EP approach is not a pure model-free
approach since some basic concepts in classical plasticity model established from physical mechanisms/insights are
still adopted. How to construct pure model-free paradigms for numerical elastoplastic analysis (we refer the readers
to Kirchdoerfer and Ortiz [7] for the first attempt on this aspect) is still a very challenging problem and deserves
serious investigations.

It is important to point out that the proposed MAP123-EP approach relies on the assumption that the yield
function depends on the mean as well as equivalent stresses, and the plastic deformation obeys the associated flow
rule. It also cannot be applied for solving problems under cyclic/reverse loading in its present form. There is no doubt
that the current version of the approach is not as universal as the existing model-based approaches for elastoplastic
analysis. The main purpose of the present work, however, aims at demonstrating the fact that data-driven paradigm is
also applicable for elastoplastic analysis with reasonable accuracy and acceptable efficiency under certain conditions.
We hope this work can inspire more attractive ideas and subsequent researches in this area.
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Appendix A. The detailed derivation of MAP123-EP

The spectral decomposition of the symmetric total strain tensor & can be written as

3
e=) &N, ®N;, (A.1)
I1=1

where ¢/, I = 1,2, 3, are the eigenvalues of € and N;, I = 1, 2, 3, are the corresponding eigenvectors.
The effective strain at small deformation regime is defined by

2
g, = \/5 (e + e +&F). (A.2)
gr=¢er—em, I=1,2,3 (A.3)

with ¢, = (&1 + & + €3) /3.
The Cauchy stress can be decomposed in its spectral forms

3
o= Za,N; N, (A.4)
1=1
where o; and N}, I = 1, 2, 3, are the corresponding eigenvalues and eigenvectors, respectively. Note that in general,
the eigenvectors N/, are not the same as those of N; due to the possible existence of plastic deformation [19].
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The effective stress is defined as

3
o, = \/5 (01’2 + 02’2 + 03’2), (AS5)

op=01—0om, 1=1,2,3 (A.6)

with 0,, = (01 + 02 4+ 03) /3. Then the stress can be expressed by
3
aij = )07 (N7); (N7); + omdij, (A7)
I=1

where §;;, 1, j = 1, 2, 3, is the Kronecker delta symbol and (N}); is the ith component of N, under the prescribed
Cartesian coordinate system.
Introduction of the elastic trial strain e" is the key for MAP123-EP. Actually, e" is defined as

e = ¢ + Ae, (A.8)
where €” is the elastic strain at step n. €" can be computed from " as
¢ =(C) o (A.9)

Here, C¢ is the fourth-order isotropic elasticity tensor. For isotropic elastoplastic materials, N, the eigenvectors of
e", are coaxial with stress ¢’ [5,24], that is,

3

e = /N, ®N,, (A.10)
1=1
where e, I =1, ..., 3, are the eigenvalues of €. As shown in Appendix C, it also holds that
of _ 03 _ 03
eT”zeT{’:eT;/Zy’ (A.11)

where y reflects the shear modulus of material in terms of physical meaning. Actually, y = 2u at the elastic stage
with © denoting the shear modulus. The effective stress can then be rewritten as

3 3
0 = y\/ S (e + e +e5?) = Zely, (A.12)
which immediately leads to
20,
Yy = 58—3 (A.13)
with
tr 2 trr2 tr/2 tr72
& =v3 (el + €5 + €§7). (A.14)
Harnessing the mapping between & and e, and searching the available data of effective strain in the array of
sé, I =1, ..., N, the corresponding effective stress can be found in the array of ae’, Il =1, ..., N;. Then
the deviatoric stress can be calculated directly with the use of Eqs. (A.11) and (A.13). By searching the available
data of mean strain in the array of 8,’,,, I =1, ..., N, the mean stress can also be found in the array of 0,51,
l =1, ..., Ny. Finally, the components of Cauchy stress tensor can be obtained in the following form
3
o =y vel (N)), (N}), +omdiy, i, j=1,2,3. (A.15)
=1

In this way, the measured one-dimensional experimental data in terms of (e, o.) and (g, 0,) can be used to
achieve three dimensional stress update.
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Appendix B. Basic ingredients in classical J2 plasticity

The classical rate-independent J2 plasticity model under small deformation, which is used for generating the
data sets and validating the effectiveness of the proposed MAP123-EP approach, is recapitulated here.

In the classical J2 plasticity model at small deformation regime, the total strain & can be decomposed into an
elastic part and a plastic part, that is

e=¢°+¢e’, (B.1)

where the superscripts e and p denote the elastic and plastic part, respectively.
The classical J2 plasticity model actually includes the following five key ingredients:
I. The elastic stress—strain relationship can be expressed as

0ij = 2&; + 3K e, i), i, j=1,2, 3. (B.2)

where &7 is the deviatoric elastic strain and ¢;, represents spherical elastic strain. In Eq. (B.2), 1 and K, are
shear modulus and bulk modulus which can be related with Young’s modulus E and Poisson’s ratio v through:
u=E/2(1+v)and K,, = E/3(1 — 2v), respectively.

II. Yielding condition and hardening law:

f,a)=|ol - (oy + K a) <0, (B.3)

where f (0, «) is the so-called yielding function, oy is the initial yielding stress, K? is the plastic modulus, and «
is an internal hardening variable which is usually represented by the accumulated effective plastic strain.
III. Flow rule:

d
ér = —f (B.4)
ao
where A > 0 is the so-called plastic multiplier.
IV. Kuhn-Tucker complementary conditions:
A4=0; flo,a)=0; Af (o,0) =0, (B.5)
V. Consistency condition:
Af(o,a) =0. (B.6)

In addition to isotropic hardening, the nonlinear kinematic hardening is also considered in the present work. In
this case, the yielding condition is described by

fo,B)=llo — Bl —oy <0, (B.7)
where B is the so-called backstress. The evolution of backstress is governed by
. . (o — . 1 .
p=cir P pir i Lpe, ®.3)
Oy C]

where &/ is the rate of accumulated effective plastic strain while C; and y; are two material parameters. We refer
the readers to Simo and Hughes [5] for more details.

Appendix C. Coaxial relationship of deviatoric stress and deviatoric strain under strain-driven solution
scheme

In this section, the coaxial relationship of deviatoric stress and deviatoric strain is proved. Actually, in
conventional plasticity theory, the yielding surface is often described by a function with the mean stress o, and
effective stress o, as its arguments:

v =V (o,,0.). (C.1

The definitions of the mean stress and effective stress can be found in Appendix A.
The total incremental strain can be decomposed into an elastic and a plastic part as

A" = A(e)" + A(er).
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If a fully implicit backward Euler scheme is adopted for stress integration, we have

Aery™ = as2Y

do
aw 1 W 3¢’

— A 14 A0S0 (C.2)
00, 3 do, 20,

where A/ is the increment of the plastic multiplier and 1 is the second order identity tensor. The values of d ¥ /o,
and 0¥ /do, are evaluated at step n 4+ 1 with o, = cr,ﬁ‘“ and o, = ag’“(this assertion is also assumed in the
following derivation). Then the elastic trial strain is given by

6.lr — (ee)n +A€n+1

— (ee)n +A(€e)n+1 +A(€p)n+1

v 1 dVv 30’
= ()" + A" + Ad— -1+ AA
()" + 4™ + 00, 3 + do, 20,
v 1 dv 30’
= )"+ AN — 1+ A ——. c3
(€™ + doy, 3 + do, 20, (€3)
The spherical and deviatoric parts of the elastic trial strain can be obtained as
ov
t ") =t Y+ An——, C.4
race (e") = trace ((e ) ) + 3o, (C4
1 v 3
eV = —+ AA o/, (C.5)
21 do, 20,

which indicates clearly that the deviatoric part of elastic trial strain ¢ is coaxial with the deviatoric stress o

It is worth noting that if the yielding surface is also dependent on the third invariant of deviatoric stress, the
aforementioned co-axiality property does not exist anymore. Under this circumstance, the proposed approach cannot
be applied directly and different schemes should be developed for data-driven stress update.
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